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Preface

The purpose of this project was to design and construct a
microcomputer—based control system for an electric powered vehicle.
This effort was undertaken to determine the feasibility of a digital
control system to produce the basic hardware for wuse by follow-on
efforts.

I am most grateful to my advisors, Captain Aaron DeWispelare and
Captain Clark Briggs, for their patience and guidance over the course
of this project. T would like to extend special thanks to all of my
friends who helped in the final edit of my thesis.

Finally, I want to express my grattitude to my wife, Patricia,

for her patience and encouragement throughout this project.
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\ Abstract
\S/

IThe design of a general purpose microcomputer-based control system
for an electric vehicle drive unit is described. This is a research and
development system designed with an active operator interface for evalu-
ating performance, dynam’ - control, parameter modification, and test
program interaction. A microcomputer controller processes speed com-
mands and monitors battery energy consumption during the driving cycle.
This design effort demonstrated that a unique one-of-a-kind microcomputer

controller is easy to construct and interface with the vehicle's systems.}/‘\
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I. Introduction

Background

A great deal of interest has been expressed in electric vehicle
transportation during recent years because of increased emphasis on oil
conservation. NASA and the United States Air Force (USAF) have made
important technological advances in reducing aerospace systems' fuel con-
sumption and have begun complementary projects to develop economic alter-
natives for gas-powered vehicles. In the mid 1970s, replacement of
various small conventional vehicles with electric-driven equivalents
became an item of interest with Air Force Logistics Command (Ref. 1).

In July 1980, the USAF became formally involved in an electric vehicle
demonstration program through a Department of Energy Interagency Agree-
ment (Ref. 2). This agreement committed the Air Force to procure and
test fifteen electric vehicles which were to be distributed to three dif-
ferent locations for a period of four years. The electric vehicles in
this test program do not use any type of active control to monitor or
optimize energy consumption.

The Air Force Institute of Technology, Aeronautical Engineering
Department, has constructed an electric vehicle which is usedias a test
bed for improved electric vehicle propulsion system concepts (Ref. 3).
The vehicle uses the battery switching technique which is sufficient for
rudimentary control of the propulsion system. This configuration is
simple to design, reliable, and easy to maintain. However, electro-
mechanical control systems may become inadequate as the complexity of
the controller increases through the addition of control tasks. Elec-
tronic control using a microcomputer control system can provide sophis-

ticated control, monitoring, and warning functions. A general purpose




microcomputer controller has the advantage that new control functioms can

be added through programming changes and minor interface adjustments.

Objective

The primary objective for this project was to design and validate a
microprocessor-based controller (microcontroller) which could be used to
regulate the operation of an electric test vehicle propulsion system and

collect operating data.

Scope

The scope of this effort was to fabricate a microcontroller, battery
switching interface, and appropriate energy monitoring interface hardware.
This project also produced the initial operational software to demonstrate

the functional capabilities of the controller in the test vehicle.

Approach

The initial phase of the project was to establish a baseline config-
uration for the test vehicle, develop performance specificaticns, and con-
struct the control system. The specifications were used to design the
control system hardware and application software. The microcontroller
was based on the Zilog Z80 microprocessor family and on a monolithic
analog data acquisition system (Ref. 4). The operating system was devel-
oped by modifying an existing Z80 "ROM Monitor" to use the Z80 serial
input/output controller and operate compatibly with the added application

software commands. The "ROM Monitor" was used to manage operation of the

microcomputer. The monitor's input/output, memory, register, and program
control instructions were used to test and debug the microcomputer con-

troller. The control and monitoring interfaces were designed using

discrete components. The application software was prepared using a
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software development microcomputer. The application software contains
drive system control, energy monitoring, and initialization routines.
The second phase of the project was to test each component indi-
vidually and the system collectively in the laboratory. This testing
served two purposes. First, it ensured that each component operated as

designed and functioned properly in the system. Second, the tests were

used to determine calibration constants for calculatioms.

The final phase of this project was the installation of the micro-
computer controller and interface circuitry in the test vehicle. The
vehicle Qas then given a functional road test to demonstrate the micro-

computer control system.




II. Process Controllers

The electric vehicle digital controller is a member of a larger
class of process controllers. In this section process controller char-
acteristics and their relationship to digital controllers are described.
The various types of digital controllers are reviewed to develop selection

criteria for the electric vehicle controller.

General Description

A general process control system contains four basic components.
They are measuring elements, a controller, actuators, and supervisory
elements (Ref. 5). The measuring elements sense a process property and
generate a corresponding output signal. The controller compares the mea-
sured signal with a predetermined setpoint and initiates a signal to
counteract any deviations. The actuators receive the control signals
and adjust the process through changes in valve positions, switch set-
tings, or servo motor rotation. The supervisory elements are used to
monitor and implement the operating strategy for the first three com-
ponents. Supervisory control can vary over a broad range from managing
one to many functions of a distributed control system.

Before the development of microprocessors, controllers were imple-
mented using discrete analog circuits. The advent of the mjicroprocessor
brought about the development of the digital controller as a replacement
for the analog controller. The external connections and adjustments for
this controller remained basically unchanged because they are determined
by the requirements of the process. A digital controller uses software
to interpret the control loop functions at the process interfaces. The

digital controller also brought with it increased flexibility in that a
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control algorithm could be changed without disturbing the hardware or the

interfaces.

Digital Controllers

Microprocessor-based digital controllers have evolved into three
basic sizes: the modular, single board, and single chip controllers.
These systems have varing degrees of complexity, versatility, and data
handling capability. This section investigates the various properties
of these digital controllers and some aspects of their design selection.

Complexity. The complexity of a microprocessor controller is mea-
sured by its operating and physical parameters. Operating parameters
include the number and type of instructions the controller can process,
the size of the control tasks it can manage and their number, and its
processing speed. Physical parameters inciude the number of circuit
packages needed to make an operational system, and their physical dimen-
sions, power dissipation, and data types processed.

The single chip controller is the simplest and possibly the most
elegant of process controllers. It has evolved from the all-in-one
microprocessors used for high volume consumer products. These controllers
are dediéated to a specific control process at the time of manufacture
and are generally the product of a lengthy development effort. Single
chip controllers contain the instructions and interface capability to
perform, at most, only a few simple control tasks. They_are being used
as front end control processors, placed as close as possible to the pro-
cess they manage. To enhance system reliability, these controllers often
become a physical part of the device they control. Examples are the new

generation fly-by-wire actuators and microwave oven controllers (Ref. 6).
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The single board controller is the next step up from the single chip

controller. It is a direct outgrowth of the single board microcomputer,
and is generally used for simple to moderately complex control tasks.
This type of controller has one major advantage over the single chip con-
trollers in that it can be reprogrammed if the need arises. The single
board controller is used in widely distributed control systems, as in
chemical plants, to monitor and control different phases of a chemical
process. Because the controller is based on a general purpose micropro-
cessor, it usually has an elementary operating system which gives the
operator greater diagnostic capability (Ref. 7, 8). i

The modular controller is the largest and most sophisticated of the
microprocessor-based controllers. Its functions are divided into sepa-
rate modules, and it is capable of managing very complex or high demand
control tasks. This controller can be completely adapted to the intended
control task, and is generally capable of performing its own software
development. Modular controllers are used in large facilities and in
laboratory control systems (Ref. 8).

Versatiliti. Process controller versatility varies significantly
with different sizes of controllers. This versatility is related to the
type of input/output (I/0) data each controller can process and the
number of I/O ports available. Versatility is also measured by the

operating system level, resident program storage capability, and repro-

grammability.
- Single chip controllers are dedicated to perform a specific set of
control tasks at the time they are manufactured. If the control func-

tions of a chip or the application for which it is made changes, the

chip is discarded and a new controller is built. Input and output data




formats are rigidly specified for each I/0 port. Single chip control-
lers can process digital inputs, and can be equipped with level detectors
or analog to digital converters, or both, for analog data input proces-
sing. These devices are limited by very small resident memory and
typically have only one to two kilobytes of read only memory (ROM) for
instructions and a maximum of 256 bytes of random access memory (RAM).
Thus, only those instructions essential to a specific design function are
programmed, and these devices seldom have the diagnostic capability seen
in larger microcomputers.

Single board controllers are manufactured as general purpose systems
to be programmed at a later date. These controllers may have a variety
of input/output ports for serial, parallel and analog data. They usually
have a small monitor operating system that .supervises control program
execution and offers diagnostic tools such as a debugger. Operating
instructions are limited only by available board space for ROM and RAM,
and memory chip capacity. The applications software for single board
controllers is typically developed on larger, more sophisticated micro-
computer systems, and transferred to the single board controller pre-
programmed in read only memory.

Modular controllers are the most versatile types and are usually
used in development projects to design single chip and board systems.
These systems have microcomputers with large on-line memories. They
also contain disk storage units and high level disk~based operating
systems. Modular controllers can manage large and complicated tasks and
process analog and digital control information. These controllers are

also generally equipped to develop their own control programs.




Data Handling Requirements. The data handling requirements of a

digital controller are determined by the intended application. The
requirements specify the accuracy of control variables and allowable
error relative to a specific setpoint for stable control. Microproces-
sors are inherently integer processors, and most are capable of doing 16
bit additions and subtractions at best. Computational throughput is
chiefly affected by the complexity of control equations.

Digital control systems often require trade-offs between throughput,
accuracy, and the frequency of calculation. Controllers may solve trade-
off problems in different ways using both hardware and software. Hardware
solutions include using higher speed components, use of special purpose
processors for multiplication, fast Fourier transforms, Flash analog to
digital converters and multi-processor configurations are also used.
Software solutions involve optimizing numerical accuracy, using fixed
precision programming, and employing control algorithms to predict the
values of control variables.

The single chip system typically uses hardware solutions in con-
junction with minimizing control tasks as speed and accuracy become more
important. The single board and modular systems use both methods depending
on the application. Special processers are not usually available in single
board systems due to size limitations of the controller; however, single
board system use faster components and more efficient software to meet
control requirements. The modular system has the greatest capacity for
data processing and the most significant feature being the use of multi-
microprocessor architectures to increase the speed of large, multiple

input/output systems.




The Intel 8022's high level functional integration provides a
single-chip solution to sophisticated, high-volume controller applica-
tions that have required multi-chip designs in the past. An example 1is
a controller for a stove having combined microwave and conventional ovens
and range-top burners. Twenty keys are used to enter timing and cooking
instructions. A four-digit display shows cooking time, temperature, and
the time of day. Two temperature sensing thermistors are employed. One
for stan@ard oven use and the other for microwave use (Ref. 6).

A single board microprocessor can be used to perform the scanning
operation of an acoustic microscope. The controller mechanically moves
the mechanism that provides a line scan of an object. Motion through a
focused acoustic beam is kept linear by the controller (Ref. 7).

A modular microprocessor controller has been used to operate a cen-
trifugal spectrophotometer that analyzes in real time the chemical reac~
tions of 30 blood samples in parallel and prints out the results. This
system is based on the Intel 8080 microprocessor and has the capacity to

perform 36 different tests (Ref. 15).

Selection Criteria

In the design of a microprocessor-based control system, a logical
and modular approach improves the efficiency of the final design. Figure
1 1llustrates a design methodology for designing a digital controller
(Ref. 7).

The performance specification is in many ways the most important
step of the whole design process. This specification is a clear statementi
of what processes the system must be able to perform and how the system
must respond to external stimuli. The performance specification is used

to develop the selection criteria for the design process. Some questions

- TR e e e .
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Performance

Fig. 1. Design Methodology (Ref. 7)

which are considered when designing a microprocessor-based controller for

a specific application are:

1. What type of data exchanges will take place between the micro-

~ processor and the external world? Will the data be in either serial or

parallel digital form, or will they be analog signals?

2. What input and output data rates will be required?

3. What data processing and storage will be required? Will cal-
culations be carried out on the data and if so what accuracy and speed

will be required?

10




4. How will the operator interact with the control system? In what
ways will the operator be able to influence the systems response to his
requests?

S. How will the application software be developed for the control-
ler? This consideration has a large impact on the design constraints
associated with cost, power consumption, portability, weight and size.

Additional design constraints associated with the operating environ-
ment and noise immunity should also be taken into consideration. The next
section addresses these issues in the context of an electric vehicle

application.

11




II1. Preliminary Analysis

The initial step in the design of a drive system controller for the
electric test vehicle was to become familiar with the existing vehicle
configuration. Once understood, this configuration was used to develop

functional specifications for new hardware and software designs.

Test Vehicle Description

The test vehicle uses a hybrid propulsion system whereby the drive
shafts of an electric motor and a small internal combustion engine are
coupled in parallel to the drive train, as shown in Figure 2, In this
configuration the speed of a series DC motor is governed by the applied
voltage from a battery controller. The controller is a battery switching

system which applies voltage to the DC motor in five steps. The internal

Battery —1 Controller

Hybrid
Engine

- Drive Train

Fig. 2. Parallel Hybrid Vehicle Block Diagram (Ref. 2)




combustion engine is coupled to the drive shaft of the DC motor by a V-
belt and electric clutch assembly. The engine is manually engaged during

high speed cruising to reduce the current demand of the DC motor (Ref. 3).

Drive System Interfaces

The electric vehicle relies on either manual or electromechanical
controls for speed regulation and energy management. The vehicle also
has limited instrumentation for monitoring system performance.

Speed Regulation. The battery controller is an electromechanical

interface which is linked to the accelerator pedal through a switch block.
The switch block converts mechanical movement of the pedal into relay
switching patterns for the battery controller. The controller then
applies one of five voltages to the series DC motor giving five basic
motor speeds.

Hybrid Energy Management. In the hybrid mode the operator is

required to manage both the batteries for the electric motor and fuel

for the gasoline engine. The engine is manually controlled with a switch
to actuate an electric clutch and a throttle lever to control engine
speed. The internal combustion engine is normally engaged only at high-
way speeds. At low speeds the engine cannot provide sufficient torque

to propel the veﬁicle; however, at highway speeds torque requirements

are greatly reduced, and adequate power output can be maintained by the

engine. When the engine is engaged, it is used to cause the DC motor to

- overspeed. When this condition occurs, current demand by the motor is

reduced and stored energy conserved. If additional power is required,
as when climbing a hill, the DC motor compensates by supplying additional

energy to the drive-train.

13




Performance Monitoring. The test vehicle uses direct meter read-

outs to monitor two DC motor test points and three tachometers. The motor
test points measure terminal voltage and current. The current measurement
uses a current shunt, rated at 2000 amps per volt, in seriec with the DC
motor. The tachometers are used to measure speeds of the DC motor,

engine, and vehicle.

Functional Specifications

Integration of a microcomputer controller into the electric vehicle
propulsion system, as shown in Figure 3, requires consideration of present
and future functional needs. The new control and monitoring system should
perform the existing drive system tasks of speed regulation and energy
management., This implies that the controller will manage the linkage
between the accelerator pedal and the battery controller relays, and per-
form most of the energy management task. In order to perform these func-
tions, the controller should be capable of measuring analog signals asso-
ciated with the accelerator position, DC motor voltage and current, and
vehicle speed.

The microcomputer controller should also maintain the expected
operating characteristics of the vehicle. That is, it should perform
only functional operations requested by the operator. Also, in the
event of a computer or control system failure, it should be capable of
automatic and manual shut down.

7 The control system needs to perform four tasks. It should be able
to regulate the speed of the DC motor, control the internal combustion
engine, keep a running total of battery energy consumed, and report
energy consumption as required. The microcomputer should allow real-time

operator interaction for entering control system commands. The operator

14
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Fig..3. Microcomputer Controller Parallel Hybrid Vehicle Block Diagram

must also be able to examine and trouble-shoot software and control system
problems., Finally, the microcomputer needs to have both serial and paral-
lel input/output ports, and approximately 12-16 kilobytes of on-board

memory for operating instructions and temporary storage registers.

Throughput

Throughput is the measure of the maximum number of calculations that

are accomplished per unit time. In the case of a control system, it is

15
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defined as the number of control and monitoring tasks which can be accom-
plished during a sample period. In the case of the electric car controller
throughput is influenced by three factors:
A 1. The ability to interface with a human operator.

2. The complexity of the control and monitoring calculations.

3. The total number of tasks which must be executed during the 1
sample period.

The vehicle operator influences the control system sample period.
There is a maximum allowable time delay which can be tolerated between a
command at the accelerator and a response by the drive system. This time
delay has been experimentally determined to be approximately 0.25 seconds
for a natural frequency of 4 Hertz (Ref. 4). In order to achieve stable
operation, the digital control system must have a sample rate at least
twice its natural frequency. Therefore, a minimum sampling rate of 8
Hertz would be acceptable.

As their complexity increases, the control and monitoring calcula-
tions tend to increase the desirable sampling period. This occurs when
the execution time of the control and monitoring operations equals or
exceeds the time allotted by the sampling period. Computational com-
plexity used in this context refers to the arithmetic operations and
numerical precision needed to perform the task. 1In the case-of many
common microprocessors, simple routines using single-byte arithmetic

typically execute in times less than 100 microseconds. However, typical

M control and monitoring tasks require multiple-byte arithmetic involving
sof tware multiplies. Reed and Mergler describe one microcomputer imple-
mentation of a digital position integral derivative (PID) control

algorithm which employed extended precision calculations to control a

16




single plant. Their extended precision calculation required 7 milli-
seconds to perform (Ref. 10).

Finally, throughput is influenced by a combination of sample period
and task complexity. These two factors, when combined, will allow only
a finite number of tasks to be accomplished. 1In a system where the sample
period is long and the tasks are reasonable, this problem has little
impact. However, as control and monitoring requirements increase, numeri-
cal prec}sion and sampling frequency of the task need to be carefully
considered.

In this electric vehicle control system there are three tasks which
would require periodic updating. They are speed regulation, hybrid energy
management, and energy monitoring. Because of the small number of tasks
and the relative computational speed of most microprocessors, these tasks
can be accomplished sufficiently well at the human high frequency cutoff
of 4 Hertz. Then, the initial contfol system should use a sampling fre-

quency of 8 Hertz or greater.

Summary

The electric vehicle digital control system should be capable of
managing multiple tasks during a sampling period. Presently,ﬁonly four
tasks are defined. The initial sample period should be 8 Hertz and the
microcomputer should be capable of extended precision arithmetic. Finally,

it should provide for operator interaction.

17




IV. Design and Fabrication

To design a digital control system for a hybrid powered automobile,
serious consideration must be given to the automotive functional speci-
fications. The control system requires that the hardware and software
be closely related and balanced to optimize controllability. During
this research project, the hardware and software were developed concur-
rently, on a modular basis, to ensure continuity. Each hardware module
was designed and fabricated to produce a particular system function. The
software was divided and written in the form of functional subroutines.
Piecemeal assembly and testing of the hardware and software elements were
performed to facilitate system debugging. This approach significantly
shortened the construction and testing of the system in the laboratory.
The information contained within this chapter addresses the preliminary
considerations and full scale development of the control systems' hard-

ware and software.

Preliminary Hardware Considerations/Specifications

Several hardware design factors were considered for the digital con-
trol system. Operator interaction with the controller is needed for
system monitoring and on-line adjustability to ensure optimal control.

To meet this requirement, the microcomputer within the operating system
must have a comprehensive command set and a data terminal interface capa-
bility. The operating system commands should let the operator look at
all the elements in the data path. The operator should have access to
monitor the central processing units registers, memory registers, and
inputs/output ports. In addition, execution of applicable programs

stored in Random Access Memory (RAM) for testing and debugging purposes
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ought to be available to the operator. The data terminal interface must
present large blocks of information to the operator in a quick and user
comprehensible format, and the terminal key board ought to be designed
for simplified command and data entry.

A minimum of six input/output ports are required for interaction
with the system. Two of these ports are required to be serial input/
output ports: one to operate the system data terminal and the other to
communicate witn the software development computer. At least four parallel
input/output ports are also required: one used by the operating system
as a storage register, to control the input/output configuration, two
used by the battery controller and engine interfaces, and a discrete
input interacting with the analog-digital converter. An additional
alterable switch is required by the standard monitor operating system to
define the operators initial input/output peripheral equipment.

The microcomputer needs to be self-initializing when it is powered
up. This may be accomplished through the use of a hardwired boot-strap
operation which supplies the microprocessor with the starting address of
the operating system. The microcomputer must contain additional input/
output and memory capacity for future control and monitoring functions.

"Finally, the controller should be configured on a single board as dis-

cussed in section II.

Hardware Selection and Design

The microprocessor is the heart of any microcomputer large or small,
and 1t needs to be as versatile and simple as possible. The 8080A and
280 microprocessors were evaluated as possible candidates for the digital
. control system. The Z80 microprocessor was selected for the following

reasons:
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1. Higher degree of compatibility with available equipment.

2. Larger machine language instruction set.

3. The architecture provides one level of interrupt capability
within the central processing unit.

4. All timing and control logic controls are contained on the chip.

5. Support chips are synchronized by a single phase clock.

The Z80 is a bus orientated system requiring minimum additional control
logic for addressing and reset, as indicated in Figure 4. A Z80 micro-
computer also uses a single phase two megahertz system clock to synchronize
its operation and a single five volt DC power supply. The serial input/
output controller (SIO) has two independently programmable data communi-
cation channels, These channels are used to drive the RS-232 interfaces
for the operators terminal and the software development computer. The
Z80 counter timer circuit (CTC) contains four independently programmable
channels, two of which are used as baud rate clocks for the serial ports
of the SI0. The two remaining counter timer channels were cascaded to
produce a 104 Hertz low frequency clock and a 8 Hertz clock for the
control system time reference. Sample period is used to generate inter-
rupt service requests 8 times a second and is used by the control soft-
ware.

The microcomputer uses three parallel input/output controllers (PIO)
giving a total of six 8-bit parallel data ports for use as input or out-
put interfaces. Each PIO port is independently programmable and is TTL-
compatible. When used as an output port, the PIO holds its most recent
output state providing the hold mechanism for control interfaces.

The microcomputer also employs an analog data acquisition system

(ADC 0816) as an integral part of its design to enhance system
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flexibility., The analog data acquisition system provides the common
functions associated with the collection of analog measurements. It also
uses a one Megahertz clock to operate its analog to digital converter and
1s designed to be interfaced with most microprocessors.

The microcomputer uses two types of memory, EPROM and RAM. The
EPROM is used to store the system monitor, application programs, and pro-
vides a means of correcting software errors quickly. A single power
supply (+5V) EPROM was selected to minimize power source requirements.
RAM memory is used for scratch-pad storage and calculations. The RAM is
also used during the software development process to hold new programs
for testing and debugging.

The low power Schottky TTL components provide the address decoding
for the computer memory and input/output devices. They also buffer the
280 central processing unit and are used in the reset logic that ini-
tializes the microcomputer. Appendix A contains detailed circuit infor-

mation and drawings.

Digital Interfaces

The control system design has two digital interfaces—one for tﬂe
battery controller and the second for the engine controller. Both of
these interfaces translate TTL logic level signals into twelve volt high
current signals to drive the inductive loads of relays and motors. These
interfaces also provide the power supply, signal ground, and chassis
ground isolation for the analog data acquisition system by using optical
isolators.

The battery controller uses seven parallel outputs from the micro-
computer to derive one of five voltage settings for the DC motor and a

power interrupt circuit. Figure 5 shows a simplified circuit diagram
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of the relay driver interface. The relay driver is operated by applying
a logical one to its input to close the relay switch and a logical zero

to open it. The power interrupt circuit is activated in two ways. First,
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application of a logical one to the power interrupt input connects the
base of Q; in each of the relay drivers to ground turning them off and
opening the battery controller relay switches. Second, a loss of the +5
volt power supply from the microcomputer will turn on Q; and interrupt
power. The switching transistor (Ql) must be able to conduct 0.8 to

1.4 amps to close the battery controller relay switch. The current
rating of the optical isolator constrains the base drive current of Q;

to less Fhan 30 milliamps. Bread board testing showed the optimum base
current to be 3 to 4 milliamps for 12 volt operation in the above switch-
ing current range.

A test circuit was bread boarded using design components, as shown
in Figure 5. This test circuit was able to actuate the battery control-
ler relay switch and then deactivate it under simulated power interrupt
and command power interrupt conditions. Because of high continuous
operating current, the power transistor in the switch driver circuit was
heat-sinked to prevent thermal breakdown. A complete circuit diagram
for the switching controller is given in Appendix A.

The engine controller was not built in this effort due to mechanical
problems with the engine and technical problems with the stepping motor
controller. The proposed controller for the engine would manage the
throttle and the electric clutch, as indicated in Figure 6. This inter-
face uses a stepping motor to drive the throttle of an internal combustion

engine. However, because a stepping motor operates much slower than the

microcomputer its interface must be programmable, and provided a low fre-
quency clock. The typical step rate of 1 to 200 steps per second are
quoted in most motor specifications. The microcomputer would load the

throttle setting into the step counter, set the direction of throttle !
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movement, start the counter and activate the electric clutch. The 104

Hz clock from the CTC is used to control the stepping speed of the motor

and sequence the control circuitry.

The electric clutch driver circuit

is similar to the relay driver in Figure 5 except for the switching

transistor, which is sized for 16 amp steady state service.
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Analog Inputs

The microcomputer analog data acquisition system uses an eight bit
successive approximation analog to digital (A/D) converter with an input
voltage range of 0 to +5 volts dc. The system also has a 16 channel
single ended analog multiplexer. In order to make the best possible use
of the A/D converter, analog interface circuits scaled the sampled sig-
nals to match the converters input voltage range. Three signals were
measured as shown in Figure 7 for the demonstration control system—the
DC motor terminal voltage, series current, and accelerator position.
These signals were referenced to the same ground point due to the input
characteristics of the data acquisition system. This single point ground
reference required that all of the system’s power supplies be referenced
to this point to avoid the possibility of a high-current short in the
ground plane of the microcomputer. The motor terminal voltage has a
dynamic range of 0 to 72 volts DC, requiring that a voltage divider be
employed to bring the measured value into the range of the A/D converter.
The motor series current is measured by picking off the voltage drop
across a calibrated current shunt. The current shunt is rated at 2000
amps per volt, and the peak expected current is 400 amps yielding a
voltage range of 0.0 to 0.2 volts. This measurement requires that the
sample voltage be amplified to take advantage of the full scale range
of the A/D converter. The accelerator position measurement uses a var-
iable resistor with a fixed +5 volt power supply connected as a variable
voltage divider. A complete schematic and description of the scaling

amplifiers is given in Appendix A.

Preliminary Software Considerations

To support the use of a single board microcomputer controller a

26




Battery

Controller Data
Acquisition
R3
Current - System
Shut _ENV 741
o- — +
= Accelerator Position
741
>
I .

Fig. 7. Simplified Schematic Diagram of Analog Scaling Circuits

method of developing new prograws quickly and efficiently was required.
Consequently, a second, mcre sophisticated microcomputer was needed for
the software development process. A microcomputer with a disk operating

system, screen editor, and macro assembler was selected to satisfy this

requirement.
The disk operating system allowed program software to be stored on
floppy diskets during software verification. Upon satisfactory perfor-

mance, the software was programmed into erasable programmable read only

memories (EPROM's).




The screen editor was used to write and modify the software programs.
The macro assembler was compatible with the controller's machine language
to simplify the translation of the screen editor's source code to the
object code of the controller.

Additional considerations included provisions for an operating
system, a rudimentary debug capability, and a terminal interface. The
operating system was required to have file transfer commands and memory
loading routines compatible with standard file formats. The debug capa-
bility included breakpointing for testing of new programs, and the ter-
minal interface allowed test diagnostics to be reviewed in one screen

display.

Control System Software

The control system had two software programs stored in EPROM's. The
first program was the standard "ROM Monitor" operating system for the
microcomputer. The second program was application software which imple-
mented the control and energy monitoring functions of the control system.
The control functions regulated the vehicle and engine speed. The moni-
toring function kept a running value of battery energy consumed during
a driving cycle. Because of the need for positive regulation of the
control system by the operator a "Foreground and Background" program
execution strategy was used. The monitor operating system cycled in the
"foreground" waiting for either an operator input or a sample period
interrupt. The application program was executed in the "background" on
every interrupt cycle to update control and monitoring tasks. The
monitor also contained application program commands used to initiate

the driving cycle and report energy consumption to the operator.




Software Development

The software development task was shared between a software develop-
ment computer and the electric vehicle microcontroller. The software
development computer's disk operating system was used to write, assemble,
and correct program segments. Thus, the operating system helped facili-
tate the software development process, The development system could also
transfer program modules to the microcontroller where they were tested
and debugged. This development effort consisted of three major tasks:
modify a standard ROM monitor, develop the application program, and store

the 2 programs in EPROM for the microcontroller.

Standard Monitor

The first software task was to modify a standard ROM monitor for Z80
microcomputers. The modification allowed éhe use of the serial I/0 con-
troller and included a command to activate the application program. The
serial ports of the microcomputer were used to interface with a CRT ter-
minal and with the software development computer. The CRT terminal was
used to access the monitor and application program routines. The soft~
ware development system's communication link was used to load program
modules into the microcomputer's random access memory for testing and
debugging.

The mndifications of the standard monitor involved changing I/0
device addresses to match the microcomputer's hard-wiredAaddresses and
providing the necessary initialization for the SIO and CTC. The ini-
tialization of the SIO and the CTC used the sequences given in their
technical manuals (Ref. 4, 11). Both SIO channels were initialized for

RS~232 asynchronous operation. CTC channels 1 and 2 were initialized

as the baud rate clocks for the SIO ports. The CRT port was driven at
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600 baud and the reader/punch port at 300 baud. The modified monitor
was then stored in EPROM memory and installed in the microcomputer. This
task needed to be accomplished before the microcomputer could be turned
on and tested,

The monitor also needed to be modified to call routines located in
the application program. Two user definable keys were used, the I key for
the "Ignition" command and the O key for the "Output Energy" command. The
Ignition command initialized the controller for driving the vehcile. The
Output Energy command sampled the energy accumulator and displayed the
energy consumed and the elapsed time of the test on the data terminal.

See Appendix B for more detailed information.

Application Program

The application program contained all the routines which interpreted
input data to produce the desired output at the concrol interfaces. These
software routines also interfaced with the monitor operating system of the
microcomputer, The control routines and part of the performance monitoring
routines required continuous updating and were handled in an interrupt
service loop. This sample rate was implemented by programming CTC channel
3 to provide a interrupt request 8 times per second.

The application program as shown in Figure 8, can be divided into
three parts: initialization, time dependent functions, and energy cal-
culations. The initialization segment was used to initialize the CTC
channels 3 and 4, set up the relay driver's PIO port, create a work space
in low RAM, and set the CPU to interrupt mode 1. The segment completes
initialization by loading the interrupt JUMP VECTOR at location 38H in
RAM and enabling interrupts. The monitor "I" command calls the initial-

ization segment thus initiating the control and monitoring routines in
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the test vehicle. The time dependent functions of the demonstration
program represented an interrupt service routine which was executed on
every interrupt request. The speed control software, and energy monitor
reside in this segment.

Speed control. Speed command was accomplished by measuring the

accelerator position and selecting the proper battery switch setting
from a table of discretized data. Figure 9 shows the flow chart for this
control function. The application program uses a data acquisition system
service routine to take these measurements, see Appendix C.

The speed control routine compares the present speed setting to a
stored copy of a previous setting to determine whether a change is
required. This yields a savings in execution time, prevents relay
chatter, and prolongs switch contact life. It was necessary to drive
the switches in a particular sequence when changing the setting to avoid
power dropouts or surges that would cause bucking or lurching during
speed changes. Because of the difference between the speed at which
the microcomputer can execute instructions and the inertia of the
switches, a wait loop was incorporated between sequence settings to allow
the switches sufficient time to change positions before incrementing the
sequence,

As an added design feature a standard accelerator set point table
was placed in RAM when the system was initialized. This table in RAM
was used by the speed control routine to set the battery controller
switches. This was done so that the operator could modify the table to
improve vehicle operation until the best values were determined.

The set point table con.ains accelerator position limits and cor-
The table was stored in

responding battery controller switch settings.
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matrix from beginning at location O01BZH in six rows of three elements.
The first element is the accelerator position limit and the next two are
switch settings, as shown in Figure 10. In the switch setting only bits
0 through 5 are used by the batte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>